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11 

Radar Receiver 


11.1 THE RADAR RECEIVER 

The function of the receiver in early radar systems was to extract the weak echo signals 
that appeared at the antenna terminals and amplify them to a level where they could be 
displayed to a radar operator who then made the decision as to whether or not a target 
echo signal was present. The modem radar receiver still has to extract the weak echo sig¬ 
nals and amplify them, but it does much more. It employs a matched filter (Sec. 5.2) 
whose purpose is to maximize the peak-signal-to-mean-noise-ratio and discriminate 
against unwanted signals whose waveforms are different from those transmitted by the 
radar. When the clutter echoes are large enough to mask desired target echoes, the receiver 
also has to incorporate means for separating the moving targets from stationary clutter 
echoes by recognizing the doppler frequency shift of the moving targets (Chap. 3). 

In modern radars the decision whether a target is present or absent is seldom made 
by an operator viewing on a display the unprocessed output of a receiver. Instead, the de¬ 
tection decision is made automatically based on threshold detection (Sec. 5.5). Informa¬ 
tion about a target’s location in range and angle can also be extracted automatically in¬ 
stead of manually by an operator. In an operational air-surveillance radar, tracking of 
targets is no longer performed by an operator marking with a grease pencil on a radar dis¬ 
play the location of blips (targets) from scan to scan and calculating the target speed and 
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estimating its direction. Targets are acquired and tracked automatically (Sec. 4.9) and only 
processed tracks are displayed to the operator or sent to some automatic device, such as 
an air-traffic control system or weapons control computer, for further use. When the radar 
cannot remove all the clutter echoes, constant false alarm rate (CFAR) circuitry is em¬ 
ployed to prevent the tracking computer from becoming overloaded when trying to es¬ 
tablish tracks using clutter echoes. The receiver is also the place where external interfer¬ 
ence and hostile electronic-countermeasures are kept from interfering with the detection 
of targets. 

Thus, in addition to detection and amplification of signals, a radar receiver performs 
many other functions either directly as part of the receiver or in conjunction with it. These 
other functions include signal processing, information extraction, data processing, electro¬ 
magnetic compatibility, and electronic counter-countermeasures. (The modem receiver 
might be thought of as the receiver/processor.) Sometimes the display is considered part 
of the receiver system. In this and other radar books, these other functions are often con¬ 
sidered separately from the discussion of the receiver. The interested reader will find a more 
thorough review of the radar receiver by John W. Taylor, Jr. in the Radar Handbook. ‘ 

The radar receiver is almost always a superheterodyne, or superhet. It was shown in 
the block diagram of Fig. 1.4 and briefly described in Sec. 1.3. The essential character¬ 
istic of a superheterodyne is that it converts the RF input signal to an intermediate fre¬ 
quency (IF) where it is easier than at RF to achieve the necessary filter shape, bandwidth, 
gain, and stability. An advantage of the superheterodyne receiver is that its frequency can 
be readily changed by changing the frequency of the local oscillator (LO). The first stage, 
ox front-end, of a radar superheterodyne receiver can be an RF low-noise amplifier (LNA) 
such as a transistor. 

Before the availability of low-noise transistors, the receiver front-end was the mixer 
stage without an RF amplifier preceding it. In some applications the mixer stage might 
still be desired as the receiver front-end instead of a low-noise amplifier. A receiver with 
a mixer as the first stage has a greater dynamic range than one with a low-noise ampli¬ 
fier, which might be important when large MTI improvement factors are needed to re¬ 
move clutter echoes. The extra dynamic range available with a mixer as the front-end can 
also be of value in reducing the likelihood of receiver saturation when large signals or 
jamming are present. The larger receiver noise figure of a mixer might be compensated 
with greater transmitter power and/or a bigger antenna, both of which are beneficial when 
a military radar is faced with hostile noise jamming. Although the mixer front-end might 
have some advantage over a low-noise transistor amplifier front-end, a low-noise ampli¬ 
fier as the first stage of a superheterodyne receiver generally seems to be preferred by 
those who buy radars. 

A high-performance air-surveillance radar sometimes employs more than one type of 
receiver. Each would share the front-end, mixer, and IF stages. One receiver might be a 
linear amplifier and envelope detector for detection of targets in the clear (no competing 
clutter). A second receiver might be for doppler processing to remove clutter, as in an 
MTI radar. It would use / and Q channels and digital signal processing to filter the mov¬ 
ing targets. A third receiver might be a log-FTC (Sec. 7.8), or something similar, to aid 
in detecting targets located within moving weather clutter beyond the range of surface 
clutter. 
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It was said in Chap. 2 that if the radar designer wishes to increase the detection range 
of a radar, the chief factors available are the average power of the transmitter and the area 
of the antenna. The classical radar equation also indicates that the range can be increased 
by reducing the receiver noise figure; but, in practice, the noise figures of radar receivers 
are already quite low and any further decrease can produce marginal results and, some¬ 
times, unwanted effects. Further lowering of the noise figure might not be justified if it 
significantly increases receiver cost, lowers the dynamic range, subjects the device to a 
greater risk of burn-out, and resnlts in less reliability. A very sensitive receiver also al¬ 
lows more interference to enter the receiver. Sometimes an increase in interference is a 
price that may be worth the benefits of improved sensitivity, but there can be limi ts 

A radar receiver has to have sufficient gain to increase the level of the weak echo sig¬ 
nal to where it is large enough to be processed or displayed. In the superheterodyne the 
total receiver gain is divided between the IF and the video amplifiers. The receiver should 
have adequate dynamic range (where the receiver is linear) so that large clutter echoes do 
not cause the receiver to saturate and rednce the MTI improvement factor. It must not in- 
trodnce unwanted phase or amplitnde changes that could distort the echo signals. It must 
be protected from overload, saturation, and damage (burnout) by strong unwanted signals. 
Timing and reference signals are needed to properly extract target information and take 
advantage of the doppler frequency shift of echo signals. 

A limitation with early radar receivers when vacuum tubes were the only available 
technology was that they were relatively large in size. The size of radar receivers is no 
longer a problem with modem technology. The trend is to make the receiver as digital as 
is practical, with analog components confined to the RF and perhaps the IF. 

There can be many demands on the radar receiver, but the receiver designer has re¬ 
sponded well to the challenges and there exists a highly developed state of receiver tech¬ 
nology. Radar receiver design and implementation may not always be an easy task, but 
receiver designers have usually been able to provide the radar systems engineer the means 
to accomplish the desired objectives. 


11.2 RECEIVER NOISE FIGURE^'^ 


Definition The receiver noise figure was described in Sec. 2.3 as a measure of the noise 
produced by a practical receiver compared to the noise of an ideal receiver. The noise fig¬ 
ure of a linear network may be defined as either 


A^out VMn 


[ 11 . 1 ] 


where TVom ~ available output noise power; kToB„ — — available input noise power; 

k = Boltzmann’s constant = 1.38 X 10^^^ J/deg; To = standard temperature of 290 K 
(approximately room temperature); B„ = noise bandwidth defined by Eq. (2.3); 
G = A'out/Ain = available gain; = available output signal power; and Si^ = available 
input signal power. The term “available power” refers to the power that would be deliv¬ 
ered to a matched load. (The term “available” will be understood in the following dis¬ 
cussion of noise figure and is not mentioned further.) The product kTo = 4 X 10“^^ W/Hz. 
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The reason for a standard temperature Tq in the definition of noise figure is to refer mea¬ 
surements made under differing temperature conditions to a common basis of compari¬ 
son. 

Equation (11.1) permits two different, but equivalent, interpretations of the noise fig¬ 
ure. It may be considered (right-hand side) as the degradation of the signal-to-noise ratio 
as the signal passes through the network, or (left-hand side) it may be interpreted as the 
ratio of the noise-power out of the actual network to the noise-power out of an ideal net¬ 
work that amplifies the input thermal noise and introduces no additional noise of its own. 
The noise figure of Eq. (11.1) can be expanded as 


kTpB^G -1- AA^ ^ j ^ iSN 
kToB„G kTaB„G 


[ 11 . 2 ] 


where AN is the additional noise introduced by the practical (nonideal) network. 

The noise figure is commonly expressed in decibels; that is, 10 log F„. The term noise 
factor has also been used at times instead of noise figure. The definition of noise figure 
assumes that the input and output of the network are matched. In some devices, less noise 
is obtained under mismatched, rather than matched, conditions. In spite of definitions, 
such networks would be operated so as to achieve the maximum output signal-to-noise 
ratio. 


Noise Figure of Networks in Cascade Consider two networks in cascade, each with the 
same noise bandwidth B„ but with different noise figures and gain, Fig. 11.1, Let Fi, Gy 
be the noise figure and gain, respectively, of the first network and F 2 , G 2 be similar pa¬ 
rameters for the second network. The problem is to find Fo, the overall noise-figure of 
the two networks in cascade. From the definition of noise figure given by Eqs. (11.1) and 
(11.2), the output noise iVout of the two networks in cascade is 

IVout = noise from network 1 at output of network 2 + noise AN 2 introduced by network 2 
= FokToB„G^G2 = F,kToB„GiG2 + AiVa = F^kT^„GiG2 + (F 2 - 1) kToB„G2 
which results in 


Fo = Fi + ^:r^ [ 11.31 

Gi 

It is not sufficient that the first stage of a low-noise receiver have a low noise figure. The 
second stage must also have a low noise figure or, if not, the gain of the first stage needs 
to be large. Too large a first-stage gain, however, is not always desirable since the dy¬ 
namic range of the receiver is reduced by the gain Gj of the low-noise amplifier. If the 
first network is not an amplifier, but is a diode mixer, the gain Gi should be interpreted 
as a number less than unity (a loss). 


Figure 11.1 Two networks in cascade with different 
noise figures and gains, but the same noise bandwidths. 




Fo, Go, 






11.2 Receiver Noise Figure 731 


The noise figure of N networks in cascade may be shown to be 


Fo - Fi + 


F2-I 

Gi 


+ 


F3-I 

G1G2 


+ 


+ 


G 1 G 2 


[11.4] 


Similar expressions may be derived when the bandwidth and/or temperature of the indi¬ 
vidual networks are not the same."* 


Noise Figure Due to Loss in the Transmission Line Any losses in the RF portion ahead of 
the receiver front-end result in an increase in the apparent overall noise figure. Such losses 
can be due to the transmission line between antenna and receiver, the duplexer, receiver 
protector, rotary joint, preselector filter, STC if applied at RF, monitoring devices, and the 
radome. The noise figure due to these RF losses, obtained from the second part of the de¬ 
finition of Eq. (11.1), is equal to the RF loss Lrp. (This can be seen since Lrf is the loss 
in signal-to-noise ratio as the signal travels from the antenna to the receiver.) It can also 
be obtained from the first part of Eq. (11.1) since the noise out of a lossy transmission 
line is kT^B^, and its gain G = l/L^p. 

If the loss in the transmission line and its associated devices is incorporated in the 
receiver noise figure, it should not also be a part of the system losses. Most radar analy¬ 
ses treat these losses as system losses rather than as part of the receiver noise figure. There 
are some RF devices that are likely to be closely associated with the low-noise receiver. 
These include the circulator that provides isolation, the receiver protector, waveguide to 
coax transition, and receiver performance monitoring (which might produce a loss). When 
a noise figure for a receiver is quoted in a publication or given in a manufacturer’s cata¬ 
log, it might not always be obvious what is included. It might be the receiver noise fig¬ 
ure without the associated receiver losses or it might include the loss of those devices that 
are a close part of the receiver, as mentioned above. With a mixer front-end receiver the 
noise figure quoted has sometimes been that of the mixer alone and not of the entire re¬ 
ceiver. There seems to be no standard method for reporting receiver noise figure. 

Noise Temperature The noise introduced by a network may also be expressed as the ef¬ 
fective noise temperature, T^, defined as the (fictional) temperature at the input of the net¬ 
work, that accounts for the additional noise AN at the output. Therefore AN = kTgB„G 
and from Eq. (11.2) we have 

Fr,= l + ^ [11.5] 

T, = iF„-l)To [11.6] 

The system noise temperature is defined as the effective noise temperature of the re¬ 
ceiver including the effects of antenna temperature 7),. If the receiver effective noise tem¬ 
perature is Tg, then 

T, = + T, = {F, - l)To [11.7] 

where F^ is the system noise figure. This equation also defines the system noise figure 
when it includes the effects of the antenna temperature and receiver effective noise 
temperature T^. 
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The effective noise temperature of a receiver consisting of a number of networks in 
cascade is 


Te = T,+-^ + -^+ - [11.8] 

(Ji CriCr2 

where T, and G, are the effective noise temperature and gain of the ith network. 

The effective noise temperature and the noise figure both describe the same charac¬ 
teristic of a network. The effective noise temperature generally is used to describe the 
noise performance of very low-noise receivers, lower than might be of interest for radar. 
It is also preferred by some radar engineers and many receiver designers as being more 
useful than noise figure for analysis purposes. The noise figure, however, seems to be the 
more widely used term to describe radar receiver performance, and is used in this text for 
that purpose. 


11,3 SUPERHETERODYNE RECEIVER 

The discussion of the superheterodyne receiver in this section does not include all aspects 
of the receiver, but only with those component parts that have an effect on the radar sys¬ 
tem design. This includes the low-noise RF amplifier, the mixer, receiver dynamic range, 
the 1// noise at IF, oscillator noise, and the detector. 

Low-Noise Front-End The first stage of a superheterodyne receiver for radar application 
can be a transistor amplifier. At the lower radar frequencies the silicon bipolar transistor 
has been used. Gallium-arsenide field-effect transistors (FET) are found at the higher fre¬ 
quencies. Other types of transistors also can be used, depending on the trade-off between 
the desired noise figure and the ability of the transistor to withstand burnout. An Z-band 
transistor can provide a noise figure of about one dB and can withstand a leakage peak 
power of 0.2 W.^ With a diode limiter ahead of the transistor, the peak power can be as 
great as 50 W before burnout. The diode limiter increases the noise figure about 0.5 dB 
at X band and 0.2 dB at C band. The lower the frequency the lower can be the transistor 
noise figure. At C band the noise figure might be around 0.6 dB. These values are more 
than adequate for radar. (Early microwave radars had noise figures of 12 to 15 dB and 
radars in the 1960s had noise figures of 7 to 8 dB.) It is not necessary for the radar sys¬ 
tems engineer to have extremely low noise figures in most radar applications, especially 
when the unavoidable losses in the transmission line between receiver and antenna are 
considered. If improved radar system performance is of concern, it is probably more fruit¬ 
ful to try to reduce some of the many system losses that occur elsewhere in a radar rather 
than try to reduce further the noise figure of the low-noise amplifier (LNA). It is usually 
good enough. 

Prior to the low-noise transistor amplifier, the parametric amplifier and the maser 
were available as low-noise receiver front-ends. Although their noise figures were low 
(lower than those of transistors, which came later), they were seldom used operationally 
for radar. They were expensive, of large size, and often did not have sufficient dynamic 
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range. Until low noise transistor amplifiers were developed, the radar receiver seldom em¬ 
ployed an RF amplifier stage except perhaps at UHF or lower frequencies. Before the low- 
noise transistor, the mixer was the receiver front-end. As already mentioned, a mixer as 
the front-end without a low-noise amplifier preceding it is a valid option for some radar 
applications in spite of its higher receiver noise figure. 

Achieving low receiver noise is no longer the problem it once was, and designers of 
high-performance radar receivers usually are more concerned with obtaining large dy¬ 
namic range and low oscillator noise. 

Mixers® Whether or not it is used as the front-end, the mixer is a key element in a su¬ 
perheterodyne receiver since it is the means by which the incoming RF signal is converted 
to IF (intermediate frequency). When the down conversion from RF to IF is performed in 
one step, it is called single conversion. Sometimes the down conversion is done in two 
steps with two mixers and IF amplifiers. This is known as dual conversion. Dual conver¬ 
sion superheterodyne receivers are used to avoid some forms of interference and (spoof¬ 
ing) electronic countermeasures. The mixer should have a low conversion loss, introduce 
little additional noise of its own, minimize spurious responses, and not be susceptible to 
burnout, especially when it is used as the front-end without a low noise amplifier ahead 
of it. An integral part of the mixer is the local oscillator. 

Noise Figure of a Mixer Used as a Front End The noise figure of a mixer is deter¬ 
mined by its conversion loss and noise-temperature ratio. The conversion loss of a mixer 
is defined as 


available RF power 
available IF power 


It is a measure of the efficiency of the mixer in converting RF signal power into IF. The 
conversion loss of typical microwave diodes in a conventional single-ended mixer con¬ 
figuration varies from about 5 to 6.5 dB. Schottky diodes in an image recovery mixer have 
been reported to have a minimum conversion loss of 3.5 dB over a narrow band and a 
4-dB conversion loss over a 10 percent bandwidth at S band.^ The noise-temperature ra¬ 
tio of a mixer (not to be confused with the effective noise temperature) is defined as 

actual available IF noise power 

tr= - - - [ 11 . 10 ] 

available noise power from an equivalent resistance 


or 


^ F^kToBG^ = p r = ^ 

'■ kToB 4 

where F^ = mixer noise figure and = conversion loss = UGc- The noise temperature 
ratio of a mixer varies inversely with the IF frequency from about 100 kHz down to a 
small fraction of a hertz. At a frequency of 30 MHz, the noise temperature ratio might 
range from 1.2 to 2.0. Generally, the lower the conversion loss, the larger is the noise tem¬ 
perature ratio. 
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The noise figure of a mixer based on Eq. (11.10) is It is, however, not a 

complete measure of the sensitivity of a receiver with a mixer front-end. The overall noise 
figure depends not only on the mixer stage, but also on the noise figure of the IF ampli¬ 
fier. The latter becomes a significant factor in the overall noise figure since the mixer has 
a loss rather than a gain. Using Eq. (11.3), the noise figure of the first network (the mixer) 
is Fi = Ljr and its gain is Gi = l/L^. The noise figure of the second network is that of 
the IF amplifier, so that F2 = -Fif. The receiver noise figure with a mixer front-end is then 

FR = Fr + ^ = LJ, + (Fjf - l)Lc = L,(F + Fjp - 1) [ 11 . 11 ] 

(This does not include any losses in the RF transmission fine.) If, for example, the conver¬ 
sion loss of the mixer were 5.5 dB, the IF noise figure 0.5 dB, and the noise-temperature ra¬ 
tio 1.2, the receiver noise figure would be 6.7 dB. For low noise-temperature diodes, the re¬ 
ceiver noise figure is approximately equal to the conversion loss times the IF noise figure. 

Some manufacturers have used Eq. (11.11) to determine the noise figures of the mix¬ 
ers listed in their catalogs. Other manufacturers have used the expression which is 
lower than that of Eq. (11.11). When using mixer noise figures quoted in advertising 
brochures or in the literature, one should be aware of how it was determined. 

Types of Mixers^’^ An ideal mixer is one whose output is proportional to the product 
of the RF echo signal and the local oscillator (LO) signal. The mixer provides two out¬ 
put frequencies that are the sum and difference of the two input frequencies, or/Rp ± /lo, 
assuming /rf >/lo' The difference frequency /rf - /lo is the desired IF frequency. The 
sum frequency /rf +/lo is rejected by filtering. There are however, two possible differ¬ 
ence frequency signals at the IF when a signal appears at the RF. One is /f = /rf “ /lo. 
assuming the input RF signal is of greater frequency than the LO frequency. The other 
possible difference frequency occurs when the RF signal is at a lower frequency than the 
LO frequency such that fip = /lo - /rf- If one of these is at the desired signal frequency, 
the other is the image frequency. Signals and receiver noise that appear at the image fre¬ 
quency need to be rejected using either an RF filter or an image-reject mixer described 
later in this subsection. 

A relatively simple mixer is the single-ended mixer, which uses a single diode, as in 
Fig. 11.2a. The diode terminates a transmission line and the LO is inserted via a direc¬ 
tional coupler. A low-pass filter, not shown, following the diode allows the IF to pass 
while rejecting the RF and LO signals. In a single-ended mixer the image frequency is 
short-circuited or open-circuited so as to avoid having the noise from the image frequency 
affect the mixer output. 

The diode of a mixer is a nonlinear device and, in theory, can produce intermodula¬ 
tion products at other frequencies, called spurious responses. These occur for any RF sig¬ 
nal that satisfies the relation’® 

^/rf + w/lo —/if [11.12] 

where m and n are integers such that m,n = ..., —2, —1, 0, 1, 2, .... These are un¬ 
wanted since they appear within the radar receiver bandwidth. Spurious responses that are 
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Ftgure 11.2 Types 
of mixers: (a) single- 
ended mixer, (b) 
balanced mixer, (c) 
image-rejection mixer. 
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IF outputs due to the action of the mixer should not be confused with spurious signals^ 
or spurs, that are due to the LO or the receiver power supply and can occur even in the 
absence of an RF signal. Taylor’ describes the so-called mixer chart, which allows one 
to determine the combinations of the RF and LO frequencies that are free of strong spu¬ 
rious components. Such a chart indicates the bandwidth available for the mixer as a func¬ 
tion of the ratio of the RF and LO frequencies. Taylor points out that the nature of the 
spurious responses are such that single-conversion receivers generally provide better sup¬ 
pression of spurious responses than double-conversion receivers. The third-order inter¬ 
modulation product generally affects the dynamic range of the receiver, and is mentioned 
later under the discussion of dynamic range. There also can be other spurious, or inter¬ 
modulation, responses from a mixer when two or more RF signals are present at the mixer’s 
input and produce responses within the IF bandwidth. 

Noise that accompanies the local oscillator (LO) signal in a single-ended mixer can 
appear at the IF frequency because of the nonlinear action of the mixer. This noise can 
be eliminated by inserting a narrowband RF filter between the LO and the mixer. It also 
has to be a tunable filter if the LO frequency is also tunable. A method to eliminate LO 
noise that doesn’t have these disadvantages is a balanced mixer. The balanced mixer also 
can remove much of the mixer intermodulation products. 

A diagram of a balanced mixer is shown in Fig. 11.2b. It can be thought of as two 
single-ended mixers in parallel and 180° out of phase. At the left of the figure is a four- 
port junction such as a magic-T, hybrid junction, 3-dB coupler, or equivalent. (Either a 
90° or a 180° hybrid can be employed; here it is 180°.) In Fig. 11.2b the LO is applied 
to one port and the RF is applied to a second port. The signals inserted at these two ports 
appear in the third port as their sum and in the four port as their difference. A diode mixer 
is at the output of each of the other two ports. The hybrid junction has the property that 
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the sum of the RF and LO signals appears at a port containing one of the diode mixers, 
and at the other port the difference of the RF and LO appears at the diode. The two diode 
mixers should have identical characteristics and be well matched. The IF signal is ob¬ 
tained by subtracting the outputs of the two diode mixers. In Fig. 11.2b, the balanced 
diodes are shown reversed so that the IF outputs can be added to obtain the required dif¬ 
ference between the two channels. Local-oscillator AM noise at the two diode mixers will 
be in phase and will be canceled at the output. This mixer configuration also suppresses 
the even harmonics of both the RF and LO signals. 

A double-balanced mixer (not shown) utilizes four diodes in a ring, or bridge, net¬ 
work to reduce the LO reflections and noise at the RF and IF ports, achieve better isola¬ 
tion between the RF and LO ports, reject spurious responses and certain intermodulation 
products, provide good suppression of the even harmonics of both the RF and LO sig¬ 
nals, and permit wide bandwidth.” 

In an image-rejection mixer. Fig. I L2c, the RF signal is split and fed to the two mix¬ 
ers. The LO is fed into one port of a 90° hybrid junction that produces a 90° phase dif¬ 
ference between the LO inputs to the two mixers. On the right is an IF hybrid junction 
that imparts another 90° phase difference in such a manner that the signal frequency and 
the image frequency are separated. The port with the image signal can be terminated in 
a matched load. According to Maas,*^ to reduce the image frequency by 20 dB requires 
that the phase error of the image-rejection mixer be less than 10° and the gain imbalance 
to be less than 1 dB. Dixon states^^ that the image-rejection mixer provides only about 
30 dB of image rejection, which might not be sufficient for some applications. The im¬ 
age-rejection mixer is capable of wide bandwidth, and is restricted only by the frequency 
sensitivity of the structure of the microwave circuit. It is attractive because of its high dy¬ 
namic range, good VSWR, low intermodulation products, and less susceptibility to 
burnout. The noise figure of the image-rejection mixer as well as the balanced mixer will 
be higher than that of a single-ended mixer because of the loss associated with the hybrid 
junctions. 

The image-recovery mixer is an image-rejection mixer designed to reduce the mixer 
conversion loss by properly terminating the diode in a reactance at the image frequency. 
Sometimes the lower conversion loss is offset by an increase in noise temperature, a mis¬ 
match at the IF, and higher intermodulation products. The improvement using image en¬ 
hancement is about 1 or 2 dB; hence, the mixer needs to be of low loss so as not to negate 
the benefit. 

Dynamic Range There seems to be no unique definition for the dynamic range of a radar 
receiver. It can generally be described as the ratio of the maximum input signal power to 
the minimum input signal power the receiver can handle without degradation in perfor¬ 
mance. “Degradation in performance,” however, is not easy to define since it depends on 
the application. The minimum signal is sometimes taken to be the receiver rms noise level, 
which depends on the receiver bandwidth. The minimum detectable signal S r„-,„ might be 
selected as the minimum in the definition of dynamic range; but it also depends on band¬ 
width and apparently it is seldom used for this purpose. 

The maximum signal might be the signal that causes the receiver to saturate (the out¬ 
put no longer increases with an increase in input). Saturation, however, is gradual as the 
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signal increases in power, so the signal level that results in saturation is not precise. The 
maximum signal is more usually defined by the acceptable amount of gain compression, 
which is the deviation of the gain curve (output vs. input) from a straight line. The 
signal that causes a gain compression of one dB is commonly used for defining the max¬ 
imum signal. Another criterion for the maximum signal power is based on the onset of 
intermodulation distortion. Intermodulation distortion generally occurs with large signals 
in the later stages of the receiver. The mixer generates a unique form of intermodulation 
product called spurious responses. It occurs when a harmonic of the local oscillator 
frequency mixes with a harmonic of the RF signal frequency to create difference fre¬ 
quencies that appear within the IF bandwidth. Third-order intermodulation occurs when 
two equal-amplitude signals within the receiver pass-band at two different frequencies fi 
and /2 are input to the receiver and produce at the output the frequencies 2fi — /j and 
2/2 —/i. The maximum signal power is then specified by the third-order intermodulation 
that can be tolerated when two signals are present within the pass band. The third-order 
intermodulation product is difficult to eliminate by filtering when the two frequencies are 
close to one another. Another possible indication of the maximum signal is when the echo 
signal at the mixer approaches the power level of the local oscillator. (The local oscilla¬ 
tor power should be at least 7 dB greater than the largest received signal. No matter 
what definition is used, the dynamic range is almost always expressed in dB. 

A large dynamic range is important if receiver saturation is to be avoided. Once the 
receiver saturates it can take a finite time to recover before targets again can be detected. 
Furthermore, when clutter is large enough to saturate the receiver, the MTI improvement 
factor will be reduced (Sec. 3.7). Saturation of the receiver by clutter echoes causes weak 
target echoes to be suppressed and not detected even though there might have been ade¬ 
quate improvement factor otherwise. In high-performance radars that must detect small 
moving targets in the presence of large clutter echoes by doppler processing, the receiver 
dynamic range must be at least equal to the required improvement factor. 

As an example of the variation of the target echo signal power that might be experi¬ 
enced by a radar receiver, assume that an air-surveillance radar has to detect aircraft at 
ranges from 4 to 200 nmi. This corresponds to a variation in signal power of (200/4)“*, 
which is 68 dB. The average cross section of aircraft might vary from 2 to 100 m^ (a vari¬ 
ation of 17 dB), and the fluctuations in cross section might range over 30 dB. Adding all 
three factors, the variation of the total target-echo signal might be 115 dB, more or less. 
This might be an extreme value, but radars that have to detect low cross-section targets 
could require even greater dynamic range. 

Clutter echoes might vary over a range from 60 to 70 dB, or more. The use of STC 
(sensitivity time control), where the receiver gain is made to vary with time (Sec. 7.8), 
can reduce the variation in the target echo signal as well as the clutter echo signal. Not 
all radars, however, can employ STC. Pulse doppler radars, for example, cannot. 

The mixer stage is often the limiting factor in dynamic range. A radar receiver that 
uses a doppler filter bank will have a higher dynamic range because of the narrower band¬ 
width of each filter. Pulse compression can also increase the dynamic range in proportion 
to the pulse compression ratio, if the clutter seen by the time sidelobes is not too large. 
The wider the bandwidth of the receiver (the IF stage) the less will be the dynamic range 
because of the greater likelihood that mixer intermodulation products (spurious responses) 
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will be within the frequency band to limit the maximum signal that can be received. A 
wide bandwidth, as mentioned, also increases the noise level, which reduces dynamic range. 

Large dynamic range may be obtained in some radar apphcations by inserting variable 
attenuation into the receiver as needed to keep the receiver from being overloaded, but this 
solution is limited to situations where rapid changes in the input signal are not expected. 

Flicker Noise, or \/f Noise There exists in semiconductors a noise mechanism whose 
spectral density is inversely proportional to the frequency. It is called picker noise or 1/f 
noise,^^ and can be of importance at the lower frequencies. It is quite different from ther¬ 
mal or shot noise, which are independent of frequency. Flicker noise occurs in semicon¬ 
ductor devices such as diodes or transistors, and also in vacuum tubes with oxide-coated 
cathodes. The frequency relationship of flicker noise is more like l//“, where a varies be¬ 
tween 0.8 and 1.3, but it is more common to characterize it as a ~ 1.^’ This relationship 
holds for very low frequencies, lower than might be of practical interest for radar. 

The Hf noise is not important for radar receivers whose IF frequencies are greater 
than a few hundred kilohertz. This is the case for most radar IF frequencies. It can be a 
factor limiting sensitivity, however, in radars that employ a homodyne receiver, also known 
as a superheterodyne receiver with zero IF. Homodyne receivers are sometimes used in 
CW radars because of their simplicity. The decrease in sensitivity due to 1// noise at low 
frequencies might be tolerated for very short-range systems; but when maximum perfor¬ 
mance is necessary, the effect of the l//noise can be avoided by use of a superheterodyne 
receiver with an IF frequency where I// noise is low. 

Oscillator Stability In conventional pulse radars that do not perform doppler processing, 
stability of the local oscillator, or LO, cannot be ignored but it is usually not a major con¬ 
cern. However, when doppler processing is used to detect moving targets in clutter, as in 
the MTI radar, the LO has to be quite stable in order to reliably detect the doppler shift. 
This is why the LO in an MTI radar is called a stalo, or stable local oscillator. The MTI im¬ 
provement factor that can be achieved with a magnetron oscillator transmitter is limited to 
modest values, so that the demands on oscillator stability can readily be met when a mag¬ 
netron is used. Power amphfiers such as the klystron, TWT, and the transistor, however, al¬ 
low much larger improvement factors than a magnetron. Thus greater demands are placed 
on the stability of the stalos used in such radars. Some high-prf pulse doppler radars that 
have to detect small targets in the midst of large clutter might encounter clutter echoes that 
could be 100 dB, or greater, than the target echoes, and thus require highly stable RF sources. 

MTI and pulse doppler radars that employ a power amplifier use the sum of the re¬ 
ceiver stalo and the coho as the input signal to the power amplifier. (This was indicated 
in Fig. 3.7 for the MTI radar.) Since the stalo is at a much higher frequency than the coho, 
it is the stalo that usually sets the limits on what can be achieved. The stalo can have a 
greater effect on performance than the power amplifier of the transmitter.’® Thus we only 
consider the stalo here. 

Phase Noise Instability or phase noise in a stalo can be caused by power supply rip¬ 
ple; mechanical and acoustic vibrations from fans, motors, and cooling systems; or by 
vibrations of the platform (such as an aircraft or ship); as well as spurious responses and 
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noise from the stalo itself. Phase noise is usually considered in the frequency domain, but 
in the time domain it can be thought of as being due to the deviation of the oscillator sig¬ 
nal from a perfect sinewave. There is also amplitude-modulation noise associated with os¬ 
cillators, but AM noise is usually small compared to phase noise. If not, it can be reduced 
by balanced mixers or other means. 

In Sec. 3.7 the effect of equipment instabilities on MTI performance was mentioned. 
There it was shown that a pulse-to-pulse change in phase, A<^, limits the improvement 
factor of a two-pulse MTI to 7^ = When an MTI or pulse doppler radar uses many 

pulses to perform doppler filtering, this simple expression for improvement factor no longer 
applies. A different model has to be considered. 

The reader is referred to Fig. 3.36 for an example of the spectrum of an oscillator as 
might be used in a mixer. (There is also further discussion of oscillator stability for doppler 
radars where this figure appears in Sec. 3.7.) In addition to the narrow spike at d-c due 
to the carrier (not shown in the figure), there is a noise spectrum that decreases monoto- 
nically with increasing frequency. There are also spikes, or spurs, that are usually caused 
by the power supply or vibrations. At the higher frequencies the phase noise levels off 
and is characterized by a uniform noise floor. The ordinate in Fig. 3.36 is the noise power 
within a one-hertz bandwidth relative to that of the carrier. It should be multiplied by the 
receiver bandwidth to obtain the actual power at the receiver. 

Although Fig. 3.36 might be the noise from a stalo, it also represents the noise radi¬ 
ated by the transmitter since the stalo is a major part of the signal that excites the power 
amplifier transmitter. This noise may seem far down from the peak of the carrier, but the 
spectrum of the echo from stationary clutter is the same as the spectrum of the transmit¬ 
ter. (Internal motion of the clutter can further increase the spectrum of the received echo 
signal.) As mentioned, clutter can be quite large compared to the weak moving target echo. 
The MTI or pulse doppler radar may be able to attenuate the main clutter line at d-c, but 
the clutter spectrum often has components at frequencies where doppler-shifted echoes 
from moving targets are expected. These components can mask the desired target echoes. 
Good performance of an MTI or a pulse doppler radar requires that the transmitter spec¬ 
trum, and the clutter-echo spectrum it produces, be low enough to detect the slowly mov¬ 
ing weak targets that are of interest. It would not be unusual to find that oscillator noise 
can be the limiting factor in some high-performance radars that must detect low-speed, 
low cross-section moving targets in heavy clutter. Good oscillator design is therefore im¬ 
portant for achieving good radar performance. 

The effect of phase noise can be determined by measuring the phase-modulation spec¬ 
trum of the stalo and using it to obtain the MTI improvement factor. The procedure will 
not be given here. It is outlined by Taylor^* and given in more detail with examples by 
Goldman.^® Since the stalo is part of the transmitter as well as part of the receiver, the ef¬ 
fect of phase noise on MTI performance will be range dependent. At the shorter ranges, 
or time delays, greater stalo noise can be tolerated at frequencies closer to the carrier 
(lower target doppler frequency shifts) than at longer ranges. For this reason, the effect 
of stalo stability needs to be computed for several ranges. 

Oscillator phase noise can be a serious limitation to the performance of a modern 
high-performance MTI or a pulse doppler radar. Its effect has to be found with measure¬ 
ments and analysis more complicated than was indicated in Sec. 3.7. 
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Types of Stable Oscillators^®’^’ Almost all of the oscillators used for stable sources can 
be thought of as consisting of an amplifier, a resonant circuit that determines the frequency 
and the phase noise, and feedback to generate oscillation. The amplifier is often a tran¬ 
sistor. The following is a brief listing of the various oscillators that have been considered 
for use as stable sources. 

Crystal Oscillator The mechanically vibrating piezoelectric quartz crystal has been an 
important device for producing stable oscillators ever since the early days of commercial 
radio.A piezoelectric material is one which mechanically deforms along one crystal axis 
when an electric potential is applied along another axis. Conversely an electrical poten¬ 
tial is obtained when a mechanical deformation occurs. The piezoelectric crystal is used 
as the resonator in the feedback circuit of a transistor oscillator. It is often mounted in a 
small-size temperature-controlled oven and isolated from vibrations. It is a very stable 
source at low frequencies (10 to 180 MHz), but its output can be multiplied in frequency 
to provide stable signals in the microwave region. 

Frequency Multiplier A low-frequency stable oscillator can be multiplied to a higher 
frequency by applying its signal to a nonlinear device such as a diode or varactor to gen¬ 
erate harmonics of the fundamental frequency. A filter is used to select the desired har¬ 
monic. The phase noise power, however, increases as the square of the frequency-multi- 
plication ratio. For example, when a 10-MHz stable source is multiplied to 10 GHz, its 
noise is increased by 60 dB. In addition, there can also be additive phase noise produced 
in frequency multipliers. In spite of the increase in noise with multiplication in frequency, 
multiplication is a good method for taking advantage of the excellent stability of a low- 
frequency sources to obtain a stable oscillator at radar frequencies. 

Dielectric Resonator Oscillator (DRO) The resonant circuit in this type of oscillator is 
a dielectric material such as a sapphire crystal, ceramic,^^ or titanate in a regular geo¬ 
metric form that acts as a microwave resonant cavity. The high dielectric constant of the 
resonator allows it to be much smaller in size compared to a metallic cavity resonator. It 
is among the most stable of room-temperature oscillators. Because of its small size it has 
a relatively high Q and may be quite rigid so as to reduce its sensitivity to shock and vi¬ 
bration. When the dielectric resonator is made larger to obtain even higher values of Q 
and enhanced frequency stability, it might be more sensitive to temperature changes and 
vibration. The DRO has been a popular device for application as a low-noise, stable os¬ 
cillator at microwave frequencies. 

SAW Oscillator The surface acoustic wave (SAW) device can also be used as the res¬ 
onator in a feedback oscillator. SAW oscillators can be quite small and can be obtained 
from about 100 MHz to 3 GHz. Ewell^® states that the phase noise of a SAW oscillator 
can be worse than that of a frequency-multiplied crystal oscillator at low offset frequen¬ 
cies (1 kHz for example) from the carrier, but it can be better at high frequency offsets 
(greater than 10 kHz). 
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YIG Oscillator A small sphere of yttrium iron garnet (YIG) suspended within a reso¬ 
nant cavity with an applied magnetic field can act as the resonant device of an oscillator. 
The resonant frequency of a spherical YIG crystal depends only on the applied magnetic 
field and not on its dimensions. It has a relatively high level of phase noise, but it has the 
advantage of being tunable by changing the applied magnetic field. 

Klystron Oscillator and Gunn Oscillator The reflex klystron oscillator (originally used 
as the local oscillator of many a World War II radar receiver) and the Gunn diode oscil¬ 
lator are two very different type of devices. Both have relatively high phase noise, but 
when coupled to a high-g external resonant cavity they can be of high stability. The use 
of superconducting high-g cavities can produce “extremely low phase noise levels.”^® 

High-Temperature Superconducting Oscillators As was mentioned in Sec. 3.7, the phase 
noise of oscillators can be improved by employing very low loss superconductive resonators, 
especially those that are superconductive at the temperature of liquid nitrogen, 77 degrees.^ 

Direct Digital Synthesis^^ A frequency synthesizer produces one or more frequencies 
over a wide spectrum by translating the stable frequency of a precision frequency source, 
such as a crystal-controlled oscillator. In direct synthesis a single precision oscillator is 
multiplied and/or divided to obtain a desired frequency. When this process is performed 
digitally, it is called direct digital synthesis (DDS).^® A DDS can generate the multiple 
frequencies needed for the stalo, coho, a second LO if dual conversion is used, and tim¬ 
ing frequencies. It can also provide linear or nonlinear FM for pulse compression sys¬ 
tems. A DDS generally uses a phase accumulator (to establish the time sequence), sine 
lookup table (to establish the amplitude of the signal waveform), a digital-to-analog con¬ 
verter, low pass filter, and frequency multiplier or heterodyne to translate to a higher fre¬ 
quency.^’ It has the advantage of extremely fast frequency switching, small size steps in 
frequency, excellent phase noise, reasonably good spurious performance, transient-free 
(phase continuous) changes in frequency, flexibility in applying modulation, and it achieves 
its good performance in a small volume. 

A/D Converters The A/D converter, which changes analog signals to digital signals, is 
an important component of digital processing. There are many different ways it has been 
implemented.’* Its performance for radar is judged by the number of bits into which it 
can quantize a signal and the sampling rate at which it can operate. As was mentioned in 
Sec. 3.5 (where the effect of the A/D converter on MTI performance was discussed and 
some examples of performance were given), the number of bits into which the A/D con¬ 
verter can quantize a signal decreases as the sampling rate, or bandwidth, increases. Thus 
the larger the bandwidth of the signal the more difficult it is to maintain good perfor¬ 
mance. The AID converter sometimes can be a limitation in wideband radar or when large 
clutter attenuation is required. 

Bandpass Sampling at IF Digital signal processing that is conducted at baseband (video) 
requires two baseband A/D converters and an in-phase and a quadrature channel. Although 
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baseband digital processing has been widely used, there are limitations. The two base¬ 
band converters have to be well balanced over a wide dynamic range and there cannot be 
significant phase errors between the two channels (the phase difference between the two 
channels cannot differ significantly from 90°). Waters and Jarrett^"^ indicate that these 
problems do not appear if the A/D conversion is performed in the bandpass portion of the 
receiver at IF. The in-phase and quadrature components are obtained by a single A/D con¬ 
verter from the samples taken directly from the original IF signal. The phase errors be¬ 
tween the two channels are considerably smaller with IF sampling than with baseband 
sampling. Although only one channel is needed in bandpass sampling, its sampling rate 
has to be greater than that of the A/D converters used in baseband sampling. Further dis¬ 
cussion can be found in Sec. 3.5. 

Digital Radar Receiver There does not seem to be a unique, well-accepted definition of 
a digital receiver. A digital radar receiver, ideally, could be thought of as one that is com¬ 
pletely digital with a wide dynamic range A/D converter that operates directly on the sig¬ 
nal received at the antenna terminals. This would be followed by a highly capable com¬ 
puter to perform the functions found in a radar receiver. It is difficult, however, to achieve 
such a receiver with the bandwidth and large dynamic range required for high-perfor¬ 
mance microwave MTl and pulse doppler radars. More realistically, a digital radar re¬ 
ceiver might be one that uses an analog RF amplifier and mixer, and even analog IF cir¬ 
cuitry, followed by an IF A/D converter and digital video processing. 

A different and more practical definition of a digital radar receiver was proposed by 
Wu and Li,^° who stipulate that such a receiver have two significant differences compared 
to analog radar receivers. It should utilize (1) a direct digital synthesizer (DDS) as the lo¬ 
cal oscillator and (2) direct bandpass sampling at IF before detection, with all subsequent 
processing being done digitally. 

In addition to a high-speed A/D converter with many bits of quantization, a digital 
receiver requires the digital processing to have sufficient speed to operate in real time and 
to have a large enough information storage memory. There is little doubt that the major 
advances in radar and its increased applicability since the 1970s have been due to the phe¬ 
nomenal advances in digital processing technology. It is likely that “digits” will continue 
to be a major driver of future advances in radar performance. 

Russian Cyclotron Wave Electrostatic Amplifier^Solid-state amplifiers have been a 
popular choice for the front-end of a radar receiver, but they are not the only choice. A 
Russian receiver development, called the cyclotron wave electrostatic amplifier 
(CWESA), has been a popular receiver for certain types of radars because of character¬ 
istics not available with other devices. It is also more usually known as an electrostatic 
amplifier (ESA). The ESA is said to have a low noise figure, bandwidths of 5 to 10 per¬ 
cent, linear phase variation with frequency, and other attributes suitable for a receiver 
front end; but its uniqueness is that it can sustain a high level of input power without ad¬ 
ditional protection and it can recover quickly from overload. Duplexers or receiver pro¬ 
tectors are not needed. 

In the ESA an electrostatic cyclotron wave is launched on a thin electron beam in an 
input structure; it is amplified in an intermediate structure, and then coupled to an output 
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structure. The thin electron beam at the cathode might have dimensions of 0.03 by 
0.7 mm and a current of 250 to 280 /xA. The theory^ ^ of this device will not be summa¬ 
rized here except to say that a longitudinal magnetic field is required so that the input sig¬ 
nal, when coupled to the electron beam, results in cyclotron motion of the electrons. Per¬ 
manent magnets are used to reduce weight. At 5 or C bands, these units are said to weigh 
approximately 2 kg, have an approximate volume of one liter, and a power consumption 
of 1 to 1.5 W. A 1.0 dB noise figure was achieved at frequencies up to 3 GHz and a 
2.4 dB noise figure at 10 GHz. 

When a large signal appears at the input to the ESA, it causes a large reflection co¬ 
efficient (a large VSWR) so that the signal is entirely reflected and is not absorbed, which 
is unlike diode receiver protectors that absorb the input energy. Thus these receivers have 
been used in radars without additional duplexers or diode receiver protectors. When the 
overload is removed the device quickly returns to service, typically in about 20 ns at fre¬ 
quencies above S band.^^*^^ Longer values of recovery time are experienced at lower fre¬ 
quencies. It has been claimed that in radar applications the ESA can withstand peak pow¬ 
ers of 10 kW and average powers of 300 W at frequencies above S band, and higher 
powers at lower frequencies. 

Sometimes a transistor amplifier is added as a second stage to obtain higher gain. 
Such a combined ESA and transistor, operating from 7 to 7.4 GHz with a single high- 
voltage supply of 400 V in addition to small filament and transistor amplifier supply volt¬ 
ages, produced a noise figure of 3.4 dB and a gain of approximately 23 dB. It could with¬ 
stand in excess of 5 kW of peak and 150 W of average power at the input and recover in 
less than 50 ns. When a transistor second stage is used, such a device sometimes is called 
an electrostatic combined amplifier (ESCA). 

A tunable version of the ESA was said to demonstrate very rapid tuning over a 
50 percent bandwidth, with an instantaneous bandwidth of 1 percent. 

The rapid recovery time of this amplifier makes it attractive for use with pulse doppler 
radars which require a high prf. Pulse doppler radars operate with high duty cycles so 
there is little range-space available. Long recovery times reduce the available range-space. 
If the duty cycle were 10 percent and the pulse width were 1 ^us, a diode protector re¬ 
covery time of 1 ^s would significantly increase the receiver dead time and increase the 
minimum range. The 20 ns recovery time of the ESA would hardly be noticed. The duty 
cycles of high-prf pulse doppler radars can be as high as 0.3 to 0.5, which makes receiver 
recovery time even more important. 

The testing of a 200-MHz bandwidth X-band ESA combined with a transistor sec¬ 
ond stage as an ESCA receiver for a high-prf pulse doppler radar was described by Ewell. 
Pulse repetition rates were from 1 kHz to several hundred kHz and pulse durations less 
than 1 /xs. For this application, the ESCA was considered superior to conventional gas 
TR tubes whose recovery times were too long and too unpredictable. They were also su¬ 
perior to multipactor discharges which had good recovery time but had high spike leak¬ 
age that required varactor diode receiver protectors. They also were costly and required 
additional components such as an oxygen generator, ion pump, and cooling system. Ewell’s 
measurements appear to confirm the consistency of this device to meet pulse doppler radar 
system requirements. It provided protection from overload, fast recovery tim e linearity, 
and electronic control of dynamic range. 
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Because of its size, the ESA is not suitable for most applications of active-aperture 
phased array radar; but there are many important radar applications where an active aper¬ 
ture is not necessary. The ESA is attractive in those radar systems where a single or only 
a few receiver channels are used. At the time of publication of the cited references for 
this subsection, there were roughly ten thousand of these devices manufactured and in use 
in a number of systems around the world, mainly in Russia and China. An example is its 
use in the Russian S300 PMU air defense and anti-tactical hallistic missile (ATBM) sys¬ 
tem (NATO designation SA-10). This employs an A-band space-fed phased array radar 
with pulse doppler waveform designed to operate in high clutter and electromagnetic coun¬ 
termeasure environments.^^ The ESA is also found in the Russian S300V (NATO desig¬ 
nation SA-12) air defense system. Barton points out that the electrostatic amplifier tube 
helps make the total RF loss in these Russian receiving systems significantly lower than 
the loss found in comparable Western systems.^"* 

Phase Detector, Phase-Sensitive Detector In Fig. 3.7 of Sec. 3.1, the phase detector was 
introduced as the device in an MTI receiver that extracted the doppler frequency shift of 
an echo signal. It compared the echo signal to a reference signal (the coho) which was 
coherent with the MTI transmitter signal. In the MTI phase detector, it is the rate of change 
of phase of the echo signal with time that is of interest since it determines the doppler 
frequency shift of the echo from a moving target. In Fig. 4.4 of Sec. 4.2, the phase- 
sensitive detector was shown in the amplitude-comparison monopulse tracking radar to 
allow the extraction of the sign of the angle error along with its magnitude. The input to 
this detector was the angle-error signal and the signal from the sum channel which acted 
as the reference. In both the MTI radar and the monopulse tracker two sinusoidal voltage 
inputs were available to a nonlinear device. The two were coherent with respect to one 
another in that they could be thought of as being from the same source. In both these de¬ 
tectors, one of the two voltages is the reference and the other is the received echo signal. 

Taylor^^ points out that the distinction between a phase detector and a phase-sensi¬ 
tive detector is not always clear because of the similarity of the analog circuits that per¬ 
form these two functions. He states that it is generally agreed that a phase detector is one 
in which only phase information is present in the output; a phase-sensitive detector is one 
in which both phase and amplitude information are in the output; and a mixer when phase, 
amplitude, and frequency information are present m the output. He also points out that 
“doppler frequency shifts are excepted in this convention.” 

Krishnam^® indicates that the difference between these two detectors is in the actual 
operating conditions and not the hardware. He states that it had been usual to assume that 
the reference and the signal are of the same amplitude' for The phase detector. For the 
phase-sensitive detector it was common to assume that the reference is much larger than 
the signal. He then shows that other assumptions can be made. He denotes Vi = 
El sin cof as the reference and V 2 = £2 sin {(at -F 4>) as the signal. For his particular 
detector model, he then shows that when Ei is exactly equal to E 2 , the output is Eq/Ei = 
2(|cos <pl2\ - |sin 4>I2\), which is approximately linear with respect to 4> over the range 
0 < (f)< 77 / 2 . Under these conditions, the device can be considered as a phase detector. 
When E 2 » El (signal is large compared to the reference), the output is Eq = 2Ei cos (j), 
which also is a phase detector. When E 2 < £1 so that the reference is larger than the largest 
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signal £2 : the device is shown to be a “perfectly linear” phase-sensitive detector with an 
output Eq = -I- 2£’2 when <^ = 0, and Eq = —lE-^ when cj) = tt. 

Example of a Receiver One seldom finds in the radar literature a paper on the design of 
a radar receiver. For some reason, receiver designers do not prepare such papers, or the 
journal editors and referees do not accept them. There is, however, at least one paper of 
which I am aware that describes the receiver for the original Aegis AN/SPY-IA shipboard 
air-defense system.^’ The receiver is in two parts. One part is the on-array portion which 
contains the low-noise amplifiers and related components. It is mounted to the rear of 
each of the four antenna faces of Aegis to minimize pre-RF amplifier losses. The other 
part is located both in the fore and aft deckhouses and contains components with mini¬ 
mal impact on the noise figure. There are eleven receiver channels; three monopulse track¬ 
ing channels, one sidelobe interference blanker channel, six auxiliary ECCM sidelobe can- 
celer channels, and one auxiliary channel that acts as a spare. Each channel has two inputs 
so they can be time-shared between two antenna arrays to reduce cost. 

There is too much in the paper to adequately summarize here, but it is recommended 
as being one of the few examples available that provides an overview of radar receiver 
engineering not usually found in radar texts. 


11.4 DUPLEXERS AND RECEIVER PROTECTORS 

A pulse radar can time share a single antenna between the transmitter and receiver by em¬ 
ploying a fast-acting switching device called a duplexer. On transmission the duplexer 
must protect the receiver from damage or burnout, and on reception it must channel the 
echo signal to the receiver and not to the transmitter. Furthermore it must accomplish the 
switching rapidly, in microseconds or nanoseconds, and it should be of low loss. For high- 
power applications, the duplexer is a gas-discharge device called a TR (transmit-receive) 
switch. The high-power pulse from the transmitter causes the gas-discharge device to break 
down and short circuit the receiver to protect it from damage. On receive, the RF circuitry 
of the “cold” duplexer directs the echo signal to the receiver rather than the transmitter. 
Solid-state devices have also been used in duplexers. In a typical duplexer application, the 
transmitter peak power might be a megawatt or more, and the maximum safe power that 
can be tolerated by the receiver might be less than a watt. The duplexer, therefore, must 
provide more than 60 to 70 dB of isolation between the transmitter and recovery with neg¬ 
ligible loss on transmit and receive. 

The duplexer cannot always do the entire job of protecting the receiver. In addition 
to the gaseous TR switch, a receiver might require diode or ferrite limiters to limit the 
amount of leakage that gets by the TR switch. These limiters, which have been called re¬ 
ceiver protectors, also provide protection from the high-power radiation of other radars 
that might enter the radar antenna with less power than necessary to activate the duplexer, 
but with greater power than can be safely handled by the receiver. There might also be a 
mechanically actuated shutter to short-circuit and protect the receiver whenever the radar 
is not operating. Sometime the entire package of devices has been known as a receiver 
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protector The term is ambiguous, since receiver protector is also the name for the diode 
limiter or similar device that follows the duplexer for the purpose of reducing the leak¬ 
age power passed by the duplexer. In this text the term receiver protector is used to de¬ 
note a limiter that follows the duplexer. The duplexer, receiver protector, and other de¬ 
vices for preventing receiver damage are better known as the duplexer system, so as to 
prevent confusion by the same term (receiver protector) being used to describe the entire 
receiver protection system as well as one part of it. 

Balanced Duplexer The balanced duplexer, shown in Fig. 11.3, is based on the short- 
slot hybrid junction which consists of two sections of waveguides joined along one of 
their narrow walls with a slot cut in the common wall to provide coupling between the 
two.^® (The short-slot hybrid junction may be thought of as a broadband directional cou¬ 
pler with a coupling ratio of 3 dB.) Two TR tubes are used, one in each section of wave¬ 
guide. In the transmit condition. Fig. 11.3a, power is divided equally into each waveguide 
by the first hybrid junction (on the left). Both gas-discharge TR tubes break down and re¬ 
flect the incident power out the antenna arm as shown. The short-slot hybrid junction has 
the property that each time power passes through the slot in either direction, its phase is 
advanced by 90°. The power travels as indicated by the solid lines. Any power that leaks 
through the TR tubes (shown by the dashed lines) is directed to the arm with the matched 
dummy load and not to the receiver. In addition to the attenuation provided by the TR 
tubes, the hybrid junctions provide an additional 20 to 30 dB of isolation. 

On reception the TR tubes do not fire and the echo signals pass through the duplexer 
and into the receiver as shown in Fig. 11.3b. The power splits equally at the first junction 
and because of the 90° phase advance on passing through the slot, the signal recombines 
in the receiving arm and not in the arm with the dummy load. 


igurell.3 Balanced duplexer 
sing dual TR tubes and two short-slot 
/brid junctions, (a) Transmit condition 
nd (b) receive condition. 
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The balanced duplexer is a popular form of duplexer with good power handling ca¬ 
pability and wide bandwidth. 

TR Tube The TR tube is a gas-discharge device designed to break down and ionize quickly 
at the onset of high RF power, and to deionize quickly once the power is removed. One 
construction of a TR consists of a section of waveguide containing one or more resonant 
filters and two glass-to-metal windows to seal in the gas at low pressure. A noble gas like 
argon in the TR tube has a low breakdown voltage, and offers good receiver protection 
and relatively long life. TR tubes filled only with pure argon, however, have relatively 
long deionization times (long recovery times) and are not suitable for short-range appli¬ 
cations. Adding water vapor or a halogen gas to the tube speeds up the deionization time, 
but such tubes have shorter lifetimes than tubes filled only with a noble gas. Thus a com¬ 
promise must usually be accepted between fast recovery time and long life. 

To insure reliable and rapid breakdown of the TR tube on application of high power, 
an auxiliary source of electrons is supplied to the tube to help initiate the discharge. This 
may be accomplished with a “keep-alive,” which produces a weak d-c discharge that gen¬ 
erates electrons that diffuse into the TR where they assist in triggering the breakdown 
once RF power is applied by the transmitter. An alternative is to include a small source 
of radioactivity, such as tritium (a radioactive isotope of hydrogen), which produces low- 
energy-level beta rays to generate a supply of electrons."'° The tritium is in compounded 
form as a tritide film. The radioactive source, sometimes called a tritiated ignitor, has the 
advantage of not increasing the wideband noise level as does a keep-alive discharge (by 
about 50 K) and has longer life (by an order of magnitude), but it passes more leakage 
energy so that it requires one or more cascaded PIN diode limiter stages to further atten¬ 
uate the leakage."^^ The tritium ignitor needs no active voltages, so it allows the receiver 
protector to function with the radar off without the need for a mechanical shutter to pro¬ 
tect the radar from nearby transmissions. Being a radioactive device, however, does cause 
concern about its handling and disposal. The combination of the tritium-activated TR fol¬ 
lowed by a diode limiter has been called a passive TR-limiter. 

The TR is not a perfect switch; some transmitter power always leaks through to the 
receiver. The envelope of the RF leakage might be similar to that shown in Fig. 11.4. The 
short-duration, large-amplitude spike at the leading edge of the leakage pulse is the result 
of the finite time required for the TR to ionize and break down. Typically, this time is of 
the order of 10 nanoseconds. After the gas in the TR tube is ionized, the power leaking 
through the tube is considerably reduced from the peak value of the spike. This portion 


Figure 11.4 Leakage pulse 
through a TR tube. 
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of the leakage pulse is called the/Zaf. Damage to the receiver front-end may result when 
either the energy contained within the spike or the power in the flat portion of the pulse 
is too large. The spike leakage of TR tubes varies with frequency and power and whether 
or not the tube is primed with electrons, but might be “typically” about one erg. The at¬ 
tenuation of the incident transmitter power might be of the order of 70 to 90 dB. 

A fraction of the transmitter power incident on the TR tube is absorbed by the dis¬ 
charge. This is called arc Joss. It might be 0.5 to 1 dB in tubes with water vapor and 
0.1 dB or less with argon filling. On reception, the TR tube introduces an insertion loss 
of about 0.5 to 1 dB. The life of a TR tube is determined more by the amount of leakage 
power it allows to pass or when its recovery time becomes excessive rather than by its 
physical destruction or wear. 

Solid-State Receiver Protectors, Diode Limiters Improvements in receiver sensitiv ii\ some¬ 
times are obtained with front-ends and mixers that are more sensitive to damage Irom RF 
leakage. Such sensitive devices require better protection from the RF leakage of conven¬ 
tional duplexers. A PIN diode limiter placed in front of the receiver helps reduce the leak¬ 
age and act as a receiver protector. A diode limiter passes low power with negligible 
attenuation, but above some threshold it attenuates the signal so as to maintain the out¬ 
put power constant. This property can be used for the protection of radar receivers in two 
different implementations depending whether the diodes are operated unbiased (self- 
actuated) or with a d-c forward-bias current. Unbiased operation without the use of an ex¬ 
ternal current supply is also known as passive. It has the advantage of almost unlimited 
operating life, fast recovery time, no radioactive priming, and versatility to perform mul¬ 
tiple roles.^® Its chief limitation is its low power handling. A passive solid-state limiter 
forX-band WR90 waveguide with 7 percent bandwidth and a 1-^is pulse width had a peak 
power capability of 10 kW and a CW power capability of 10 Its insertion loss was 
0.6 dB, leakage power was 10 mW, and a 1.0-/xs recovery time. When used with a 40-/r.s 
pulse width, this limiter could withstand 2 kW of peak power and 300 W CW, with a loss 
of 0.8 dB. 

Biasing of the diodes during the high-power pulse, also known as active, is capable 
of handling a great deal more power than when operated passively. The diode is biased 
into its low impedance mode prior to the onset of the transmitter pulse. Although the ac¬ 
tive diode-limiter offers many advantages for use .with duplexers, it does not protect the 
receiver when the bias is off. It thus offers poor protection against nearby asynchronous 
transmissions that arrive at the radar during the interpulse period or when the radar is shut 
down. 

Incorporation of Sensitivity Time Controf^’'^ In Sec. 7.8 the use of sensitivity time 
control (STC) was described as a method to reduce the effects of nearby large clutter 
echoes without seriously degrading the detection of desired targets at short range. STC is 
the programmed change of receiver gain with time, or range. At short ranges the receiver 
gain is lowered to reduce large nearby clutter echoes. As the pulse travels out in range the 
gain is increased until there are no more clutter echoes. 

There are advantages for having the STC in the RF portion of the radar just ahead of 
the receiver. STC can be applied by biasing the diodes of a receiver protector to provide 
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a time-varying attenuation without adding to the receiver noise figure. There is no increase 
in insertion loss to obtain the STC action, above that inherent in the design of the receiver 
protector. The PIN diode stages provide the self-limiting action during transmit and the 
STC function during receive. The nonlinear nature of the diode requires a linearizing cir¬ 
cuit to achieve the desired variation of attenuation with time. The STC variation depends 
on the nature of the terrain seen by the radar. A digitally controlled STC drive with ran¬ 
dom access memory allows the radar designer to employ different STC response profiles 
according to the various types of terrain that might be seen by the radar. 

Varactor Receiver Protectors With fast-rise-time, high-power RF sources, the receiver 
protector may be required to self-limit in less than one nanosecond. This can be achieved 
with fast-acting PN (varactor) diodes. A number of diode stages, preceded by plasma lim¬ 
iters, might be employed. In one design, an X-band passive receiver protector was capa¬ 
ble of limiting 1-ns rise time, multikilowatt RF pulses to 1-W spike levels. 

Ferrite Limiters The ferrite limiter has very fast recovery time (can be as low as sev¬ 
eral tens of nanoseconds), and if the power rating is not exceeded, it should have long 
life. The spike and flat leakage are low and it has been able to support a peak power of 
100 kW;"^® but the insertion loss is usually higher (1.5 dB) and the package is generally 
longer, heavier, and more expensive than other receiver protectors. Except for the initial 
spike, the ferrite limiter is an absorptive device rather than a reflective device (as is a gas- 
tube TR) so that the average power capability of these devices can be a problem. Air or 
liquid cooling might be required. A diode limiter usually follows the ferrite limi ter to re¬ 
duce the leakage at high peak power. 

Pre-TR Limiter^* "*^ A pre-TR is a gaseous tube placed in front of a solid-state limiter. The 
function of the pre-TR is to reduce the power that has to be handled by the diode limiter. 
(It is similar to what was called a passive TR-limiter earlier in this section.) The pre-TR 
gas tube has high power handling capability, can operate with long pulses, has very fast 
recovery time, contains a radioactive priming source, but has limited operating life. Very 
high average power levels may require liquid cooling of the pre-TR mount. End of life 
for a pre-TR tube usually is caused by the increased recovery times that result from the 
cleanup of the gas within the tube. 

The pre-TR tube can be a quartz cylinder filled with chlorine or a mixture of chlo¬ 
rine and an inert gas. Chlorine, a halogen gas, has a very rapid recovery time; typically a 
fraction of a microsecond for pulse widths up to 10 /rs. The tube is mounted in a wave¬ 
guide iris. In some cases, the quartz pre-TR tube can be designed to be field replaceable 
once it reaches end of life. 

Mutipactor'^®’'*® The recovery times of high-power duplexers discussed thus far are from 
a fraction of a microsecond to several tens of microseconds. By employing the principle 
of multipacting, a recovery time as short as 5 or 10 ns is possible. Fast recovery time is 
important for high prf and high duty cycle radars. The multipactor is a vacuum tube and 
does not have the long recovery characteristics of a gas-filled tube. It contains surfaces 
capable of large secondary electron emission upon impact by electrons. The secondary 
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emission surfaces are biased with a d-c potential. The presence of RF energy causes elec¬ 
trons to make multiple impacts that generates by secondary emission a large electron 
cloud. The electron cloud moves in phase with the oscillations of the applied RF electric 
field to absorb energy from the RF field. RF power is dissipated thermally at the sec¬ 
ondary emission surfaces, and the device requires liquid cooling to remove the absorbed 
power. Since it is a vacuum device, the recovery time of the multipactor is extremely fast. 
The flat-leakage power passed by the multipactor is often high enough to require a pas¬ 
sive diode limiter to follow it. The multipactor offers no protection when the power is 
turned off. It has the disadvantage of being complex in that it requires liquid cooling, an 
ignitor electrode to ensure that multipacting starts quickly, an oxygen source to maintain 
the magnesium oxide surface that provides the secondary emission electrons, and a pump 
to maintain a good vacuum. 

Solid-Slate Duplexers There has always been a desire to replace the gas-discharge du- 
plexer with an all-solid-state duplexer because of the potential for long life, fast recovery 
time, no radioactive priming, and versatility. Although passive operation is desired, it is 
limited in power. The lowest loss and highest power handling are obtained with active cir¬ 
cuits in which the PIN diodes are switched in synchronism with the transmitter pulses. 
Generally, diodes that can handle high power will have longer recovery times and tend to 
have higher leakage power—so that they might require additional stages of lower level 
limiters with increased loss and increased cost. A failure of the active drive circuit, how¬ 
ever, could cause destruction of the diode switches as well as the receiver. 

Several examples of all solid-state duplexers have been described in the literature. An 
L-band self-switching duplexer design used four PIN diodes that were biased by four fast¬ 
acting decoupled varactor detector diodes.^^ These detector diodes bias the PIN diodes 
into conduction in a time considerably shorter than the rise time of the RF power pulse. 
The device could handle 100-kW peak power with 100-W average power and a 3-ixs pulse 
width. Its insertion loss was 0.5 dB. The duplexer was followed by a low-power multiple 
stage varactor limiter that reduced the spike and flat leakage of 2.8 kW and 32 W peak 
respectively to levels low enough that low-noise amplifiers were adequately protected. 
The recovery time was about 15 pis. A UHF solid-state duplexer also using four diodes 
was reported to have 300-kW peak power, 5-kW average power, 60-fis pulse width, and 
an insertion loss of 0.75 dB. A C-band solid-state duplexer with 16 PIN diodes was ca¬ 
pable of 1-MW peak power with a 14-/xs pulse width, 0.01 duty cycle, and insertion loss 
of less than 1 dB.^° This device was followed by an additional low-power diode switch 
with an insertion loss of about 0.6 dB. It provided an isolation of 60 dB, making the to¬ 
tal isolation of the duplexer system over 100 dB. 

Circulators as Duplexers The ferrite circulator is a three- or four-port device that can, in 
principle, offer isolation of the transmitter and receiver. In the three-port circulator, the 
transmitter may be connected to port 1. It radiates out of the antenna connected to port 
2. The received echo signal from the antenna is directed to port 3 which connects to the 
receiver. The isolation between the various ports might be from 20 to 30 dB, but the lim¬ 
itation in isolation is determined by the reflection (due to impedance mismatch) of the 
transmitter signal from the antenna that is then returned directly to the receiver. For 
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Table 11.1 Comparison of various types of duplexing devices 


Device 

Recovery Time 

Average Power 

Peak Power 

TR tube 

<1 /iS to 100 /JLS 


1 MW 

Pre-TR 

50 ns to 1 /iS 

50 kW 

5 MW 

Diode limiter 

50 ns to 10 /AS 

1 kW 

100 kW 

Ferrite limiter 

20 ns to 120 ns 

low 

100 kW 

Multipactor 

1 ns to 20 ns 

500 W 

80 kW 

Electrostatic 

amplifier 

20 ns 

300 W, or higher 

10 kW, perhaps as 
high as 500 kW 


example, if the VSWR (voltage standing wave ratio) of the antenna were 1.5 (a pretty 
good value), about 4 percent of the transmitter power will be reflected by the antenna and 
return to the receiver. This corresponds to an isolation of 14 dB. If the VSWR were 2.0, 
the effective isolation is only 10 dB. To limit damage, a good receiver protector needs to 
be included. Circulators can be made to withstand high peak and average power; but large 
power capability generally comes with large size and weight. For example, an ^-band dif¬ 
ferential phase-shift waveguide circulator that weighs 80 pounds has essentially the same 
insertion loss, isolation, and bandwidth of an 5-band miniature coaxial Y-junction circu¬ 
lator that weighs 1.5 oz.^* The larger circulator, however, can handle 50 kW of average 
power while the smaller circulator is rated at 50 W. (The ratio of powers exceeds the ra¬ 
tio of weights.) 

Small-size circulators, usually in conjunction with a receiver protector, often are used 
as the duplexer in solid-state TR modules for active aperture phased arrays. (Note that, 
unfortunately, the term “TR” has been used for both T/R modules and TR duplexer gas- 
discharge tubes.) 

Summary of Performance Table 11.1 summarizes the performance of various duplexer 
devices in term of recovery time and power handling. This table is adapted from the pa¬ 
per by Bilotta,^® but modified from information in other references cited previously. The 
values in this table depend on frequency and other factors so they should not be consid¬ 
ered as absolute limits, but only as an approximate guide. 


11.5 RADAR DISPLAYS 

Originally the radar display had the important purpose of visually presenting the output 
of the radar receiver in a form such that an operator could readily and accurately detect 
the presence of a target and extract information about its location. The display had to be 
designed so as not to degrade the radar information and to make it easy for the operator 
to perform with effectiveness the detection and information extraction function. It was 
not uncommon for an operator to employ a grease pencil to mark on the face of a cath- 
ode-ray-tube display the location of a target from scan to scan and manually extract the 
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target speed and direction. As digital signal processing and digital data processing 
improved, more and more of the detection and information extraction process was per¬ 
formed automatically by electronic means so that the role of the operator was less. 
Processed detection and target information now are displayed to the operator who has lit¬ 
tle responsibility for making the actual detection decision. Instead of displaying only 
detections, many surveillance radars display target track vectors along with auxiliary al¬ 
phanumeric information to an operator. 

When the display is connected directly to the output of the radar receiver without fur¬ 
ther processing, the output is called raw video. When the receiver output is first processed 
by an automatic detector or an automatic detector and tracker before display, it is called 
synthetic video or processed video. The requirements for the display differ somewhat de¬ 
pending whether raw or processed video is displayed. Some radar operators prefer to see 
on a display the raw video lightly superimposed on the processed video. 

In many cases the operator does not see the unprocessed output of the radar. An ex¬ 
ample is the Nexrad doppler weather radar in which the radar measures three parameters 
in each resolution cell: the amplitude of the echo signal (proportional to its radar cross 
section), the mean radial velocity (from the doppler frequency shift) of the meteorologi¬ 
cal scatterers, and the variance of the radial velocity (a measure of the motion of the 
individual scatterers within the resolution cell). These three meteorological echo parame¬ 
ters in each resolution cell are passed to a computer that generates the many different 
types of weather products such as maps of precipitation, wind shear at various horizon¬ 
tal and vertical planes, mesocyclones, tornadoes, prediction of flooding, and many 
others. 

The radar display is now more like the familiar television monitor or computer dis¬ 
play that shows the entire scene continuously rather than just indicate the echoes from the 
region currently illuminated by the narrow antenna beam. Thus the role of the display has 
changed as the need for operator interpretation has decreased. 

Types of Display Presentations The IEEE Standard on Radar Definitions includes 19 dif¬ 
ferent types of display formats.^^ Most date to World War II and many are now seldom 
used. The standardized definitions do not cover all possible display formats. Given below 
are some of the more popular formats that have been employed. The IEEE uses the term 
“display” in its definitions but here we use either “scope” or “display” depending on what 
is perceived to be the more common usage. The following definitions are not precisely 
identical with the IEEE definitions, but they are consistent with them. 

A-scope. A deflection-modulated rectangular display in which the vertical deflec¬ 
tion is proportional to the amplitude of the receiver output and the horizontal coor¬ 
dinate is proportional to range (or time delay). This display is well suited to a star¬ 
ing or manually tracking radar, but it is not appropriate for a continually scanning 
surveillance radar since the ever-changing background scene makes it difficult to 
detect targets and interpret what the display is seeing. 

B-scope. An intensity-modulated rectangular display with azimuth angle indicated 
by one coordinate (usually horizontal) and range by the orthogonal coordinate 
(usually vertical). It has been used in airborne military radar where the range and 
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angle to the target are more important than concern about distortion in the angle 
dimension. 

C-scope. A two-angle intensity-modulated rectangular display with azimuth angle 
indicated by the horizontal coordinate and elevation angle by the vertical coordi¬ 
nate. One application is for airborne intercept radar since the display is similar to 
what a pilot might see when looking through the windshield. It is sometimes pro¬ 
jected on the windshield as a heads-up display. The range coordinate is collapsed 
on this display so a collapsing loss might occur, depending how the radar informa¬ 
tion is processed. 

E-scope. An intensity-modulated rectangular display with range indicated by the 
horizontal coordinate and elevation angle by the vertical coordinate. The E-scope 
provides a vertical profile of the radar coverage at a particular azimuth. It is of in¬ 
terest with 3D radars and in military airborne terrain-following radar systems in 
which the radar antenna is scanned in elevation to obtain vertical profiles of the 
terrain ahead of the aircraft. The E-scope is related to the RHI display. 

PPI-display, or plan-position indicator. An intensity-modulated circular display 
in which echo signals from reflecting objects are shown in plan view with range 
and azimuth angle displayed in polar (rho-theta) coordinates to form a map-like 
display. Usually the center of the display is the location of the radar. A sector-scan 
PPI might be used with a forward-looking airborne radar to provide surveillance or 
ground mapping over a limited azimuth sector. An offset PPI is one where the ori¬ 
gin (or location of the radar) is at a location other than the center of the display. 
This provides a larger display area for a selected portion of the coverage. The loca¬ 
tion of the radar with an offset PPI may be outside the face of the display. 

RHI-display, or range-height indicator. An intensity-modulated rectangular dis¬ 
play with height (target altitude) as the vertical axis and range as the horizontal 
axis. The scale of the height coordinate is usually expanded relative to the range 
coordinate. It has been used with meteorological radars to observe the vertical pro¬ 
file of weather echoes. 

In addition, imaging radars such as synthetic aperture radar (SAR) and side-looking air¬ 
borne radar (SEAR) generally display their output as a strip map with range as one co¬ 
ordinate and cross-range as the other coordinate. With the expanding graphics technology 
available from the computer industry, there is much more flexibility available in display¬ 
ing radar information than previously. 


Cathode Ray Tube Display The cathode ray tube (CRT), the origin of which dates back 
to the end of the nineteenth century, has been widely used as a radar display. There are 
two basic types of CRT displays. One is the deflection-modulated CRT, such as the 
A-scope, in which a target is indicated by the deflection of the electron beam. The 
A-scope displays the receiver output amplitude as a function of range, or time. An ex¬ 
ample was shown in Fig. 7.21, which illustrated the effect of frequency agility on clutter 
and target echoes. The other type is the intensity-modulated CRT, in which an echo is in¬ 
dicated by intensifying the electron beam and presenting a luminous spot on the face of 
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the CRT. An example is the PPI shown in Fig. 1.5. The TV CRT is also an example of 
an intensity-modulated display. 

In general, a deflection-modulated display has the advantage of simpler circuits, and 
a target may be more readily discerned in the presence of noise, clutter, or interference. 
On the other hand, an intensity-modulated display, such as the PPI, has the advantage of 
presenting data in a more convenient and easily interpreted form. The deflection of the 
beam or the appearance of an intensity-modulated spot of a radar display caused by the 
presence of a target is commonly referred to as a blip. 

Even though the CRT display has been widely used in radar, as well as in TV and in 
computers, it is by no means ideal. It employs a relatively large vacuum tube, which is a 
disadvantage compared to other types of displays. The entire display with its necessary 
circuits and controls can be even larger. The amount of information that can be presented 
is limited by the spot size of the electron beam. The number of resolution cells (pixels) 
per diameter might be one or two thousand, or more. In some high-resolution radars the 
number of resolvable range cells from the radar might be greater than the number of res¬ 
olution cells available on the PPI. The result can be a collapsing loss. Increasing the CRT 
diameter does not necessarily increase the number of resolvable pixels since the spot di¬ 
ameter varies linearly with screen diameter. Another limitation of the intensity-modulated 
CRT is that its inherent dynamic range, or contrast ratio, might be of the order of 10 dB. 
This can cause blooming of the display by large targets so as to mask the blips from 
nearby smaller targets. 

The decay characteristics of CRT phosphors are important when an operator views 
the screen to detect targets and extract information. The decay time of the visual infor¬ 
mation displayed should be long enough to allow the operator to detect the echo, yet short 
enough that the information painted on one scan does not interfere with the information 
entered from the succeeding scan. When processed information rather than raw video is 
displayed, the display characters might be dots, vectors to indicate direction and velocity, 
alphanumerics, or other appropriate symbols. 

The improvements in electronic circuitry that have allowed major advances in signal 
and data processing have also benefited the CRT display. Character generators can be on 
a chip rather than occupy a bulky box. A complete deflection system can be placed on a 
chip. High-voltage power supplies that used to occupy a cubic foot and weigh 50 pounds^^ 
have been decreased considerably. Digital memories are small enough to replace the bulky 
analog scan converter. The required decay times for a PPI display need not depend on the 
decay characteristics of the phosphor, but an artificial persistence can be achieved with 
electronic circuitry that controls the refresh rate of the display. In the past, CRTs often had 
to be viewed in a darkened room or with a hood, but the brightness of CRTs has been in¬ 
creased so that they can be used in ambient light or in sunlit aircraft cockpits. There have 
been significant advances in other types of displays due to the demands of TV and com¬ 
puters, but the CRT has been able to make significant advances as well. In spite of limita¬ 
tions, the CRT has been a competitive display because of its ruggedness, cost, color capa¬ 
bility, ability to operate over wide temperature ranges, its wide viewing angle, and ability 
to conveniently display the type of information obtained by a radar. 

In a conventional PPI display when raw, unprocessed video is displayed to an oper¬ 
ator, some background noise should be present since it improves the operator’s ability to 
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make a detection decision. A completely “black scope” has reduced sensitivity compared 
to one with some background noise. This applies to a radar with raw video and not to a 
display presenting processed data where the detection decision is made by automatic cir¬ 
cuitry without the intervention of an operator. 

Stroke and Raster Displays The conventional stroke PPI display is generated in syn¬ 
chronism with the rotating antenna rather than all at once as it might appear in a photo. 
The photo of a PPI display is usually made by opening the shutter of a camera and hold¬ 
ing it open for one or more scans, as was done in Fig. 1.5. An operator viewing a normal 
PPI, on the other hand, sees a rotating radial line, or strobe, that rotates in synchronism 
with the scanning antenna. The trace of the rotating strobe with a raw-video display with 
no echoes present is normally dim, but is brightened to indicate the location of an echo 
signal when detected by the radar. The brightened blip fades with time depending on the 
persistence characteristics of the phosphor or the refresh characteristics of the electronic 
circuitry. The operator focuses his or her attention on the rotating radial strobe line to de¬ 
tect targets. This type of display is called a stroke display. In a stroke display the opera¬ 
tor concentrates on that portion of the display in the vicinity of the strobe line since that 
is usually all that will be strong enough to be seen. 

A TV-like display based on a raster scan* to provide a continuous picture of the radar 
output has some advantages over the stroke display. It can be made brighter than a stroke 
display. Information from other sensors such as other radars, the Air Traffic Control Radar 
Beacon System (ATCRBS), military identification friend or foe (IFF), low light level TV, 
forward-looking IR (FLIR), collision avoidance systems, or information from civil or mil¬ 
itary data links, can all be combined on one display. Maps of the region viewed by the 
radar as well as alphanumeric information and graphics can also be superimposed on a 
raster display, in addition to the processed radar video and raw video. A scan converter 
is required to change the format of the stroke display to that of a raster TV-like display. 

Scan Converter^'* A scan converter changes the t;Q coordinates of a PPI into the x,y co¬ 
ordinates of a raster (TV-like) display. The r,Q coordinates are natural for the radar, but 
the x,y coordinates are more natural for viewing the output of the radar on a display. Early 
analog scan-converters were bulky, had low resolution, and poor presentation of gray 
scales. They were of limited utility compared to modern digitally generated scan con¬ 
verters in which the r, 6 polar coordinates (range and azimuth) of the radar information 
are converted to rectangular x,y coordinates and stored in digital memory to generate a 
raster TV-like display. The raster display can be presented continuously to the operator 
since it can be refreshed at a rapid rate. If desired, an artificial decay can be inserted to 
imitate the decay characteristics of natural phosphors. Alternatively, there need be no de¬ 
cay and the image can be frozen for the time equal to the radar revisit time, and then up¬ 
dated. Displays with 2560 X 2048 pixels can be accommodated. The outputs of multiple 
radars can be shown together with appropriate symbology even though they may be air- 
surveillance radars with considerably different antenna rotation rates (revisit times) and 
weapon control radars with pie-shaped angular coverage of a limited sector. The use of a 

I *A raster is a scan pattern in which an area is scanned from side to side in lines from top to bottom. 
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scan converter usually does not seriously extend the latency of the display; that is, the 
time between echo detection and its display is held to a minimum. The format of a raster 
display can be that of a TV display or that of a computer monitor. The advantage of a 
TV-display format is that it can be recorded on tape with an inexpensive consumer video 
cassette recorder (VCR), viewed with a conventional TV monitor, and easily remoted us¬ 
ing standard video cabling. 

Flat Panel Displays (FPD)*® Interest in the flat panel display for radar evolved from its 
successful development for commercial computer and TV applications. There have been 
several different types of FPDs produced or explored, but not all are suitable for radar. 

The liquid crystal display (LCD) has been widely used for nonradar applications 
where low weight, volume, and power consumption are important as in laptop comput¬ 
ers, watches, instruments, and calculators. The LCD does not emit light of its own, but 
operates by controlling the light that either passes through it or reflects off it. Usually the 
light is directed from behind, and the display is said to be backlit. There are two types of 
liquid crystal displays: the passive-matrix LCD and the active-matrix LCD. In the latter, 
a thin-film transistor is associated with each pixel of the display. The passive-matrix has 
seen much wider nonradar application than the active matrix because of its lower cost, 
but the active-matrix LCD (AMLCD) has much higher resolution, better image quality, it 
can display in color, and has faster response (greater video bandwidths). Thus the active- 
matrix LCD has more potential for radar applications than does the passive-matrix. 

Other types of FPDs are the plasma display which can produce large flat full-color 
displays, electroluminescent displays, light-emitting diodes, and field emitter displays. 

Flat panel displays such as the AMLCD and the plasma display have several impor¬ 
tant advantages over conventional CRTs. They are smaller, lighter, occupy less volume 
(reduced depth), and require less power than CRTs. In addition they are expected to have 
better reliability and reduced life-cycle cost. For most radar applications, however, they 
have to be more rugged than for commercial applications in that they usually have to with¬ 
stand greater shock and vibration, as well as extremes in temperature. 

The FPD is especially well suited for cockpit displays in military airborne applica¬ 
tions and is replacing the CRT in many airborne systems.^® In addition to presenting radar 
information, military cockpit displays must also handle data provided by electronic war¬ 
fare sensors, command and control information for situation awareness, navigation infor¬ 
mation, alphanumeric data, graphics, and others. 

Color in Radar Displays The availability of color in a radar display allows another “di¬ 
mension” for the presentation of information. It can aid in providing a clear, easily un¬ 
derstood picture of the situation as observed by radar. It is also an “attention getter” 
to alert the operator to something special or dangerous. Different colors can be used 
to indicate such things as the outputs of different radars presented on the same dis¬ 
play; the outputs from multiple beams of a 3D radar; the areas of adverse weather with 
color coding of the weather by rain intensity; range rings; target tracks along with sin¬ 
gle detections; identification information from civil ATCRBS and/or military IFF; su¬ 
perimposed video maps of the area being observed by radar; and superimposed raw 
video. It can also be used to indicate the altitude or cross section of individual radar 
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Table 11.2 An Example of the Display Colors Used for an Airborne Weather Avoidance Radar^^ 


Storm Intensity 

Rainfall Rate (mm/h) 

Rainfall Rate (dBZ) 

Display Color 

Drizzle 

0.25 nun/h 

13 dB 

Black 

Light 

1.0 mm/h 

23 dB 

Green 

Moderate 

4.0 mm/h 

33 dB 

Yellow 

Industry standard 

11.5 mm/h 

40 dB 

Red 

pilot alert 





The parameter dBZ was explained in Sec. 7.6. The "industry standard pilot alert" is the rainfall rate above which 
there might be hail that could damage an aircraft or cause sufficient turbulence to disturb passengers. Pilots are 
advised to stay clear of such areas. 


echoes by color coding the target blips or by use of alphanumeric color symbols in¬ 
serted on the display. 

An example of the use of color is in the airborne weather-avoidance radar display, 
where the intensity of precipitation is designated by a distinctive color. A listing of 
the colors used by one radar manufacturer to indicate storm intensities is shown in 
Table 11.2.^’ 

The original tricolor shadow-mask cathode-ray tube used for color TV did not have 
the resolution capability of monochrome displays or the penetration color tube which used 
a multilayer screen. This has changed with the increasing demands for high resolution 
computer color graphics as well as high-definition TV. Although a monochrome display 
with various shades of gray can be made to exhibit much of the same information that a 
color display can, color is capable of providing a greater number of distinguishable shades 
than can a monochrome display, is more pleasing, and has been widely accepted. 
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PROBLEMS 

11.1 (a) Find the overall noise figure of a superheterodyne receiver consisting of a low-noise 
RF amplifier with noise figure of 1.4 dB and gain of 15 dB, a mixer with 6.0-dB con¬ 
version loss and noise-temperature ratio of 1.2, and an IF amplifier with a noise figure of 
1.0 dB. (b) What would be the noise figure of the receiver in (a) if the RF low-noise am¬ 
plifier had a gain of 30 dB instead of 15 dB? (c) What would be the overall receiver noise 
figure if the IF amplifier noise figure in part (a) were 3.0 dB instead of 1.0 dB, and do 
you think this change is significant? 

11.2 (a) Derive the overall noise figure of a receiver with noise figure Fr that is preceded by 
an RF device with a loss Lrf. (b) What is the overall noise figure of a transmission line 
and duplexer, which have a loss of 1.2 dB, connected to a receiver whose noise figure is 
2.3 dB? 

11.3 The greater the gain of the RF low-noise amplifier, the lower will be the overall noise fig¬ 
ure. What adverse effect, however, occurs with an increase in the gain of the RF low-noise 
amplifier? 

11.4 Show that the noise figure of a mixer is approximately the product of its conversion loss 
and the IF amplifier noise figure, when the diode mixer has a low noise-temperature ratio. 
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11.5 (a) Show that when a receiver of noise figure is attached to an antenna with antenna 

temperature T^, the system noise figure [Eq. 11.7] is 


where Tq is the standard temperature 290 K. (b) What is the system noise figure if the an¬ 
tenna temperature is 300 K, transmission line loss is 1.5 dB, and the receiver noise fig¬ 
ure is 2.6 dB? 

11.6 Consider a radar system with a receiver noise figure of 1.0 dB preceded by a transmis¬ 
sion line with a loss of 0.5 dB. If the antenna temperature is 300 K, how important is it, 
in general, to attempt to reduce the receiver noise figure from 1.0 dB to 0.5 dB? 

11.7 (a) Show that a radome with a loss L at a physical temperature T^d, used with an antenna 
whose noise temperature in the absence of the radome is T^, has an antenna noise tem¬ 
perature given by 



Trd 


(L-l) 

L 


(b) Starting with the above, derive the change in antenna noise temperature Ar^ = Ta — 
To! due to the presence of the radome. (c) Using the result of (a), what is the system noise 
figure? (d) What is the system noise figure when the receiver has a noise figure of 
2.6 dB, a transmission line loss of 1.5 dB, an antenna with a noise temperature of 110 K, 
radome at a physical temperature of 310 K, and a loss of 0.6 dB through the radome? 

11.8 (a) Find the noise bandwidth [Eq. (2.3)] of a network whose frequency response function 

H(f) = (1 + jf/B), where B is the half-power bandwidth, (b) The above network is a sin¬ 
gle-stage low-pass RC filter. What is the expression for the noise bandwidth of a single- 
stage RLC bandpass network? (Do by inspection.) (c) Find the noise bandwidth for a low- 
pass filter with a gaussian shaped response exp [~a^(/ —/o)^], with/> 0. 

n .9 Why might a double-conversion superheterodyne receiver be used instead of a single-con- 
version receiver? What limitation might there be in using a double-conversion receiver? 

n.io What effect does the local oscillator have on the receiver’s dynamic range? 

11.11 A receiver with a mixer front end has a noise figure of 6.6 dB. A low-noise amplifier 
(LNA) with a noise figure of 1.2 dB and gain of 10 dB is inserted ahead of the mixer to 
reduce the overall receiver noise figure, (a) How much of the new receiver noise figure 
is due to the mixer noise, and by how much has the dynamic range of the receiver been 
reduced? (b) If the gain of the LNA were increased to 20 dB, what would be the receiver 
noise figure and the decrease in dynamic range? 

11.12 Why is a diode-limiter following the duplexer sometimes used as a receiver protector? 

11.13 What duplexer options are available for a pulse doppler radar with a 10 percent duty cy¬ 
cle and a 0.1-/cs pulse duration? 

11.14 What limitations might there be in using an all-solid-state duplexer? 
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11.15 What is the usual cause, or criterion, for the end-of-life of a gas-discharge TR tube? 

11.16 Consider a high prf pulse doppler radar with a 1-^ts pulse width and a 10 percent duty 
cycle, (a) If a receiver protector is used that has a 1.5-yLts recovery time, what fraction of 
the range coverage is blanked out? (b) If an electrostatic amplifier with a 30-ns recovery 
time is used, what fraction of the range coverage would be blanked out? 



